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Ultrathin carbon layers with thicknesses below 50 Å have been deposited on silicon microtip arrays
by bias-assisted carburization~BAC! using microwave plasma chemical vapor deposition. The tip
radius of these silicon tips is reduced below 55 nm under low deposition temperature. The field
emission characterization has been performed in a high-vacuum environment. An enhancement in
the field emission is observed of about 3 orders of magnitude in BAC silicon microtips over
untreated silicon microtips. With an applied voltage of 1100 V, emission currents of 80 and 120mA
have been achieved for the films grown~at dc bias of2200 V for 40 min! with 15% and 25%
CH4/H2 gas ratio, respectively. An emission current of 40mA has been achieved for the film grown
~at dc bias of2300 V for 40 min! with 3.5% CH4/H2 ratio. The BAC silicon emitter has good
emission stability at a constant voltage of 1100 V. These investigations indicate that further
improvement of this technology will lead to simple and inexpensive field emission display devices.
© 2000 American Vacuum Society.@S0734-211X~00!10706-1#
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I. INTRODUCTION

Field emitter arrays are attracting a great deal of atten
as a promising electron source for field emission disp
devices.1,2 Hence, there is a considerable surge in resea
activity to find a superior material for field emitters. Amon
the various materials, the use of sharp silicon microtips
attractive for field emitter arrays. However, the progress
such sharp silicon microtips is hindered by its high wo
function, low electron conductivity, and poor stability. T
enhance its emission efficiency and stability, various co
ings on the surface of silicon microtips have be
reported.3–5 In recent years, diamond has been considere
promising emitter material for field emission devices th
exhibits several unique properties such as a negative, o
least a very small, electron affinity of$111% or $100% oriented
facets, high thermal conductivity, and outstanding chem
and physical stability properties.6–10 However, it is difficult
to fabricate a conical diamond emitter due to its high ha
ness and chemical inertness. Moreover, conventional ch
cal vapor deposition~CVD!-grown diamond requires high
temperature for deposition, which is incompatible with mo
silicon processes.

a!Author to whom correspondence should be address
electronic mail: chenlc@ccms.ntu.edu.tw
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Another potential material is carbon nanotubes, wh
have been recognized as an important nanoscopic system
field emitter applications;11–15 but it still remains unclear
how to scale up the novel devices based on carbon nanot
because of the lack of scale-up growth strategies and la
scale nanotube assembly strategies.16 It is also reported that
a-C:H has a low electron affinity17 and exhibits very good
cold-cathode electron emission characteristics.18 It is there-
fore worthwhile to deposit amorphous carbon film on silic
microtips by a simple and easy method and to enhance
emission performance of sharp silicon microtips as their f
rication process is somewhat more established.

In this article, systematic studies have been performed
the field emission from silicon microtips arrays covered w
and without ultrathin carbon layers deposited by bia
assisted carburization~BAC! using a microwave plasma
CVD technique with various CH4/H2 gas ratios, substrate d
bias, and duration of bias. These ultrathin carbon layers
silicon microtips are further characterized by scanning el
tron microscopy~SEM! and Auger electron spectroscop
~AES!. The field emission characteristics of thin BAC
treated silicon microtips as compared to bare silicon h
been investigated. Comparison of the field emission prop
ties and morphologies of these silicon microtips leads to
easy way to control the process parameters such that it
;

27220Õ18„6…Õ2722Õ8Õ$17.00 ©2000 American Vacuum Society
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not affect the sharp apex, but only improves the surf
properties for better electron emission.

II. EXPERIMENT

A. Fabrication of BAC-silicon monotips

An oxide layer 1mm thick was thermally grown and pho
tolithographically patterned to form arrays of 503 50
squares with 1mm in width on ann-type silicon substrate
The patterns of photoresist were then transferred onto
underlying oxide using dry etching. With the prepattern
oxide as the mask, high-aspect-ratio cone-shaped silicon
crotip arrays were subsequently formed using SF6/Cl2 reac-
tive ion etching. These etched tips were further sharpene
oxidation and a stripping process19 and were then cleaned b
hydrogen plasma. Silicon microtips prepared by this pro
dure are used to deposit a carbon layer with a thickness
low 50 Å by the BAC process.

B. BAC on silicon microtips

The BAC process was performed using an AsTeX mic
wave reactor. The carbon layers were deposited on sili
microtips that are fabricated as mentioned above. A mixt
of semiconductor-grade CH4 and H2 was used as a sourc
gas, wherein the fraction of methane was varied betw
3.5% and 25%. For all the depositions, the microwave po
was 1.0 kW, the chamber pressure was 25 Torr, and
substrate temperature was maintained below 650 °C. It m
be noted that heating of the substrates was achieved by
plasma itself without additional heating. A single-color op
cal pyrometer~Optex VF-850G, Japan! was used to read th
temperature from the front surface of the substrate. A ne
tive dc bias~2200 and2300 V! was applied between th
graphite substrate holder and grounded chamber wall of
CVD reactor with typical bias for 20, 40, and 60 min.

FIG. 1. Schematic sketch of the experimental setup used to study field e
sion.
JVST B - Microelectronics and Nanometer Structures
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C. Characterization

The morphology and chemical composition of the film
were analyzed by SEM and AES. A Perkin Elmer scann
Auger nanoprobe system~SAN 760! using an Ar ion beam
with typical beam energy of 3 and 4 keV was used for AE
investigation. The typical probe size used was on the orde
a few microns, and the system was capable of acquir
depth profile data from an area as small as 500 Å.

Field emission measurements were carried out under h
vacuum with a base pressure of about 231027 Torr,9 as
shown in Fig. 1. For current–voltage (I –V) characteristics,
the graphite counter electrode was placed 30mm above the
tip array. A Keithley multimeter was employed for sourcin
the voltage and measuring the emission current. In
present work, the emission current~mA! obtained from ar-
rays of 503 50 squares of BAC silicon microtips with 1mm
width is plotted against applied voltageV because the emit
ting sites are a small fraction of the total film surface of the
tips, which makes it difficult to estimate the true curre
density.

is-

FIG. 2. SEM micrograph of the fabricated BAC Si tip array.

FIG. 3. High-resolution SEM micrograph indicating a tip radius below
nm.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 07:40:34



2724 Kichambare et al. : Enhancement in field emission of silicon microtips 2724

 Redis
FIG. 4. AES spectra of BAC-treated
silicon tip for sample No. 6~ !
and untreated silicon microtip~—!.
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III. RESULTS AND DISCUSSION

A. Morphology and composition of BAC films

A SEM micrograph of the fabricated silicon microtip a
ray is shown in Fig. 2. The carbon layers were uniform
deposited on silicon microtips by the BAC process. Althou
the apex of the tip is not sharp after coating, the total geo
etry was not significantly altered from the original shap
The carbon is only selectively deposited on the surface of
sharp silicon tips. This may be attributed to the inheren
higher field-enhanced effect near the sharp silicon tips a
strong negative bias is applied on the substrate. The h
field near the tip surface leads to a higher concentration
reactive hydrocarbon radicals and carbon ions. The h
resolution SEM micrograph~HRSEM! shown in Fig. 3 indi-
cates that the sharper tip radius can be below 55 nm
shows the smooth surface morphology of deposited car
layers on the tip.

Figure 4 depicts a typical Auger spectrum of a BA
treated and untreated silicon tip and exhibits major peak
carbon and silicon, respectively. The peak position aro
265 eV in the Auger spectrum indicates that the depos
carbon-based material is an amorphous carbon.20
J. Vac. Sci. Technol. B, Vol. 18, No. 6, Nov ÕDec 2000
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B. Field emission measurements

Field emission characteristics were measured on B
silicon microtips~arrays of 50350 squares with 1mm width!
for 3.5%, 15%, and 25% CH4/H2 gas ratio with various bias
voltages and duration of bias, as listed in Table I. Figu
5~a!, 5~b!, and 5~c! exhibit the emission currentI versus ap-
plied voltageV for the field emitter arrays@with the inset
being the Fowler–Nordheim~FN! representation of the
data#, which showedI –V behavior typical of field emission
The good linearity of the FN plots indicated that the ele
trons were emitted through a field emission mechanis
With maximum accessible applied voltage of 1100 V, em
sion currents of 80 and 120mA have been achieved for th
films deposited~at dc bias of2200 V for 40 min! with 15%
and 25% CH4/H2 gas ratio, respectively. An emission cu
rent of 40mA has been achieved for the film grown~at dc
bias of2300 V for 40 min! with a 3.5% CH4/H2 gas ratio.
These values of emission current are comparable with
values of carbon nanostructures,21 cobalt silicide,22 and dia-
mond particles23 on silicon emitters.

A typical dependence of emission on the duration of b
is also observed from Fig. 5~c!. The untreated silicon tips ar
TABLE I. Deposition conditions and field emission characteristics of bias-assisted carburization of silicon microtips and flat silicon surfaces.

Sample
No.

CH4 /H2

gas ratio
~%!

Substrate
temperature

~°C!

Bias
voltage

~V!

Duration
of

bias
~min!

Field
enhancement

factor

Threshold
voltage

~V!

Emission
current

~mA at 1100 V!

Current density
per array

(1023 A/cm2!

Effective
barrier
height
~eV!

1 3.5 648 2300 40 31 850 36.19 11.46 0.018
2 632 60 32 900 10.30 4.65 0.02
3 15 638 40 31 750 78.16 11.48 0.015
4 639 60 32 1000 4.13 1.36 0.023
5 575 20 32 925 7.59 1.23 0.023
6 25 578 2200 40 32 650 122.70 114.43 0.017
7 590 60 32 950 18.92 17.94 0.027
8a 578 ••• 700 0.92 ••• 0.50
9a 15 638 40 ••• 700 0.30 ••• 0.20

10a 3.5 648 2300 ••• 1100 0.01 ••• 0.30
11a ••• ••• ••• ••• 28 1050 0.10 0.035 3.76

aSamples 8, 9, and 10 represent flat silicon surfaces and sample 11 represents untreated Si tips.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 07:40:34
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FIG. 5. Field emissionI –V curve for BAC silicon microtips using:~a! 3.5%~7 sccm!, ~b! 15% ~30 sccm!, and~c! 25% ~50 sccm! CH4 /H2 gas ratio, with the
inset being the Fowler–Nordheim representation of the data.
JVST B - Microelectronics and Nanometer Structures

tribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 07:40:34



tio
ip
s
n
o

n
ly,

n
t-

5

ta
,
f
r.
a
n

a
n

om
u

ip
olt-

il-

dif-
been

sion
de-
p
ition
-
rly,
con
dd-
e-
er
uc-
a

ips

en-
con-

t Si

s-
nd

fo
y

ples

2726 Kichambare et al. : Enhancement in field emission of silicon microtips 2726

 Redis
not good emitters, but the emission increases with dura
of bias, reaching a maximum at 40 min. However, if the t
are overtreated, e.g., 60 min in the present case, the emis
current is decreased. This decrease in the emission curre
attributed to thicker carbon layers deposited on the silic
microtips ~micrograph not shown here!, which further leads
to blunt silicon tips. It is also observed from Figs. 5~b! and
5~c! that with an increase in CH4 concentration, the emissio
current increases and turn-on voltage decreases. Similar
higher substrate bias~2300 V!, the BAC silicon tips exhibit
40 mA @Fig. 5~a!# emission current. It is reported that a
emission current of 57mA was obtained at an applied vol
age of 5 V from a diamond-coated silicon tip,24,25 whereas a
glassy carbon field emitter exhibits an emission current of
mA at an applied voltage of 1340 V.26 The BN coated silicon
emitters have demonstrated lower emission threshold vol
and higher emission current of 100mA.27 On the other hand
an emission current above 15mA at an applied voltage o
130 V was obtained from a tungsten-coated silicon emitte28

Similarly, diamond-coated Mo emitters have also shown
emission current of 15mA and are attributed to an electro
tunneling through the metal onto the diamond interface.29,30

The influence of hydrogen plasma annealing, followed by
oxygen plasma treatment, enhances the electron emissio
these diamond-coated Mo emitters by formation of Mo2C
carbides at the Mo/diamond interface. Field emission fr
amorphous diamond-coated Mo tips exhibit an emission c

FIG. 6. Field emissionI –V curve for five different BAC silicon microtips
~solid symbols! and plasma-treated~open symbols! and bare silicon mi-
crotips ~3!. The BAC process was the same as mentioned in Table I
sample 6, whereas plasma-treated silicon microtips were prepared b
above-mentioned condition without adding any CH4 .
J. Vac. Sci. Technol. B, Vol. 18, No. 6, Nov ÕDec 2000
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rent of 15mA.31 In comparison with bare~untreated! silicon
microtips, the emission current of the BAC silicon microt
is enhanced by three orders of magnitude at an applied v
age of 1100 V.

To ascertain the uniformity, reliability, and reproducib
ity of the field emission, repetitive~twice! field emission
measurements on the same samples, as well as on five
ferent samples prepared under a specific treatment have
performed. In the former case, no noticeable change inI –V
behavior was detected; in the latter case, the field emis
measurements also indicate insignificant variations, as
picted in Fig. 6. Five different BAC-treated silicon microti
samples were prepared in a single batch under the cond
mentioned in Table I~for sample No. 6!, because this con
dition gives the highest electron emission current. Simila
we have also prepared five different plasma-treated sili
tip samples with the above-mentioned condition without a
ing any CH4. Figure 6 clearly exhibits not only an enhanc
ment in field emission of BAC-treated silicon tips ov
plasma-treated bare silicon tips, but also shows a reprod
ible field emission behavior with the emission current in
range of 112–118mA at an applied voltage of 1100 V. In
addition, the emission current of plasma-treated silicon t
is five times higher than the reported value32 for bare silicon
tips.

To crosscheck the pointed emitters necessary for
hanced field emission, we have selected the three best
ditions from Table I~i.e., for samples 1, 3, and 6! and under
these conditions, the BAC process was performed on fla
~100! surfaces. Figure 7 depicts theI –V behavior of these
BAC-treated flat-silicon surfaces. With a maximum acce
sible applied voltage of 1100 V, emission currents of 0.3 a

r
the

FIG. 7. Field emissionI –V curve for three different BAC-treated flat-silicon
wafers. The BAC process was the same as mentioned in Table I for sam
1 ~m!, 3 ~d!, and 6~j!.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 07:40:34
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1 mA have been achieved for the films deposited on fl
silicon wafers~at dc bias of2200 V for 40 min! with 15%
and 25% CH4/H2 gas ratios, respectively. An emission cu
rent of 0.025mA has been achieved for the film grown o
flat-silicon wafers~at dc bias of2300 V for 40 min! with
3.5% CH4/H2 gas ratio. Thus, all these values are mu
lower in comparison with BAC-treated silicon microtips.

The field emission characteristics of the BAC-treated s
con microtips are further analyzed by the FN plot, a plot
log I /V2 vs 1/V, as in the inset of Fig. 5. The plot yields
straight line according to the FN equation33

J5
A

f S bV

d D 2

expS 2Bf3/2

b~V/d! D , ~1!

whereA and B are constants, current densityJ is in A/m2,
voltageV is in V, anode-to-cathode distanced is in m, f is
the effective barrier height for electrons in eV, andb5h/r is
the field enhancement factor34 that depends on the emitte
geometry, whereh represents the tip height andr is the ra-
dius of the tip emitter. Both these values are calculated fr
the HRSEM image of the microtips. The current emitted
field emitter arrays is given byI 5nA8J, whereA8 is emis-
sion area per tip andn is the number of emitters. Making th
appropriate substitutions in Eq.~1!, one gets Eq.~2!:

I 5
nA8A

f S bV

d D 2

expS 2Bf3/2

b~V/d! D . ~2!

Alternatively, Eq.~2! can be expressed as

log
I

V2 52 log
f

nA8A
S d

b D 2

2S Bf3/2d

b D 1

V
. ~3!

Consequently, a plot of log (I /V2) vs I /V yields a straight
line with slopeBf3/2 d/b. The effective barrier heights, fiel
enhancement factors, and current density for each array w
determined from the slope of FN plots, HRSEM images, a
substitutions of appropriate values in Eq.~3!, respectively,
for various BAC silicon tips and are presented in Table
The values of the emission barrier and field enhancem
factor were found to be in the range of 0.015–0.027 eV a
31.06–31.62, respectively, as listed in Table I. For plasm
treated Si tips, the effective barrier height and field enhan
ment factor were estimated to be 0.042 eV and 30.86, res
tively. Notwithstanding, it is informative to note that th
value of the emission barrier of plasma-treated Si tips
much lower than reported for elemental silicon~3.8 eV!,35

whereas for untreated Si tips, the value of the emission
rier is consistent with that of the value reported. The valu
of effective barrier height of BAC silicon microtips are als
low compared to diamond~0.37 eV!,36 tungsten~0.5 eV!,37,38

and gold~1.7 eV!37,38 surfaces. However, the values of e
fective barrier height of BAC silicon microtips are consiste
with the values reported for graphite-type carbon coatings
silicon ~0.02 eV!,39 nitrogen-containing hydrogenated amo
phous carbon films onn11-Si ~0.03–0.05 eV!,40 and poly-
crystalline diamond films on silicon~0.08 eV!.34 The values
of effective barrier height of BAC treated flat silicon surfac
were found to be in the range of 0.2–0.5~listed in Table I!
JVST B - Microelectronics and Nanometer Structures
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and are higher than BAC-treated Si tips. The field emiss
characteristics of BAC-treated silicon tips are similar
emission properties of cobalt silicide,22 diamond particles,23

and tungsten-coated28 silicon emitters. Thus, it is eviden
from the above observation that the effective barrier hei
deduced from the field emission measurements does not
resent the work function of the materials. The values of
field enhancement factor are approximately the same fo
BAC silicon microtips. On the other hand, the field enhan
ment factor for single-wall carbon nanotubes13 is higher than
1000, but there is a significant uncertainty in the origin of t
low field emission from carbon nanotubes. The emission
density is also very low, indicating that only a few nanotub
emit. The scanning field emission from patterned carb
nanotube films reveals that the carbon nanotubes wit
lower length-to-diameter ratio are not good emitters, and
field emission is governed by the relative height of nanotu
as compared to the intertube distance.41 It is also observed
from Table I that with an increase in CH4 concentration, the
values of effective barrier height remain almost consta
Thus, the low energy barrier of BAC silicon tips and/or lar
field enhancement factor enhances the electron emissio
BAC silicon microtips.

Figure 8 shows the evolution of emission current w
operating time at a constant voltage of 1100 V for sampl
~listed in Table I!. A sharp decay of the emission curre
during the initial 250 s, from 120mA to one-third of the
initial value, is observed. The emission current then
creases monotonically with time. The reduction in emiss
current is caused not only by the damage to the surface o
silicon tip arrays@as seen from Fig. 9~a!#, but also by the
damage to the BAC silicon microtips as the tip became bl

FIG. 8. Emission stability at a constant voltage of 1100 V for sample 6~as
listed in Table I!.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 07:40:34
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@as observed in Fig. 9~b!#. Thus, comparing the emissio
behavior of BAC silicon tips with the untreated one, we d
duce that the emission of the BAC silicon tip array not on
depends on selectivity and thickness of the BAC layer
posited on silicon tips, but also on surface morphology a
geometry of these tips.

IV. CONCLUSIONS

We have investigated the field emission characteristic
silicon microtips array covered with ultrathin carbon laye
deposited on ultrasharp silicon microtips by BAC usi
MWPCVD. The BAC process was performed at low pre
sure and low deposition temperature. The BAC layer w
selectively deposited on the surface of the silicon tip with
substrate bias of2200 V. The outstanding features of ou
present studies are:~1! The field emission is enhanced b
about three orders of magnitude in BAC silicon microti
over untreated silicon microtips.~2! There is a rapid decreas
in the field-emission threshold voltage with an increase
CH4 concentration in the plasma.~3! The lowest emission

FIG. 9. ~a! High-resolution surface morphology of Si tip array and~b! sur-
face morphology of BAC silicon microtip after a high applied voltage
1100 V for 1 h for sample 6~as listed in Table I!.
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threshold voltage and higher emission current were obse
for the BAC silicon microtips grown with 50 sccm CH4 con-
centration at a dc bias of2200 V for 40 min. The higher
emission current of the BAC silicon microtip~at 2200 V! is
attributed to the lower values of the effective barrier heig
of these tips as compared to pure and plasma-treated si
tips. Furthermore, the BAC silicon microtip has good em
sion stability at a constant applied voltage of 1100 V. T
high emission current, low temperature, and large-a
growth capability of the BAC silicon tip emitter and a simp
coating by a novel method are promising features of
investigation. Because there is great interest and need
improved emitter performance in terms of reliability and lo
turn-on voltage, the BAC process on silicon microtips r
ported here offers great potential in this area.
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